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MECHANISMS OF DISEASE

Mendelian Disorders of Membrane Trafficking

Maria Antonietta De Matteis, M.D., and Alberto Luini, M.D.

EARLY ALL THE MOLECULES THAT ARE EXPRESSED IN MAMMALIAN

cells reach their correct intracellular locations by virtue of sophisticated

transport-and-delivery systems. Central among these is the intracellular mem-
brane-transport apparatus, which is designed to ferry most of the transmembrane
proteins and nearly all the secreted proteins — about a third of the human pro-
teome — from their site of synthesis, the endoplasmic reticulum, to their final
destinations.

Membrane transport is responsible for controlling the size, shape, and molecu-
lar composition of most cellular organelles, including the plasma membrane, and
for mediating the secretion of thousands of cargo species, including hormones,
growth factors, antibodies, matrix and serum proteins, digestive enzymes, and many
more. To carry out this enormous task, the system relies on a large ensemble of
organelles, including the endoplasmic reticulum, the Golgi complex, and the en-
dolysosomal stations, and on an underlying molecular machinery that is estimated
to comprise more than 2000 proteins.® It is no surprise, then, that alterations to
membrane transport, either genetic or otherwise, are associated with many diseases.
Here, after a brief overview of the pathways, strategies, and mechanisms of mem-
brane transport, we focus on mendelian disorders that arise from defects of the
membrane-transport machinery.

PATHWAYS OF MEMBRANE TRAFFICKING

The main morphologic and functional features of the secretory and endocytic path-
ways were initially sketched out by the pioneers of modern cell biology in the 1960s
and 1970s.2 Since then, this picture has grown enormously in richness and com-
plexity, and the underlying molecular machinery has been unraveled through ap-
proaches that are based on yeast genetics and biochemical identification of the
relevant components in mammals.3»*

The transport of newly synthesized secretory proteins begins at their site of syn-
thesis, the endoplasmic reticulum, a network of dynamically interconnected mem-
brane tubules and cisternae (Fig. 1). Proteins are cotranslationally inserted into the
lumen of the endoplasmic reticulum, where they are glycosylated and folded by a
complex machinery that includes the chaperone proteins.5 Folding is essential, and
when it cannot be completed, proteins are degraded by the degradation system
associated with the endoplasmic reticulum.® Moreover, if unfolded proteins accu-
mulate in the endoplasmic reticulum, as they do under certain stress conditions,
the unfolded-protein response ensues. The unfolded-protein response is a compen-
satory reaction that results primarily in an increase in the production of the folding-
machinery proteins but can also influence different cell functions and lead to cell
death or survival (see Glossary).”
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Figure 1 (facing page). Membrane-Trafficking Pathways.

Shown are the main trafficking pathways along the secretory and endocytic pathways. The transport of newly syn-
thesized proteins starts from the endoplasmic reticulum, where, after folding, the proteins are sorted into budding
vesicles that are generated through the coat protein complex Il (COPII). The vesicles then move to the endoplasmic
reticulum—Golgi intermediate compartment, from which the cargoes are transported to the Golgi complex. In the
Golgi complex, the cargoes enter the cis-Golgi network and proceed toward the trans-Golgi network, and the ma-
chinery proteins are returned to the endoplasmic reticulum in a manner that is dependent on coat protein complex |
(COPI). At the trans-Golgi network, the different cargoes are packaged in different vesicles, which then carry them
to their final destinations, such as the lysosomes, the plasma membrane, or the secretory granules in specialized
cells. Most membrane proteins undergo endocytosis, which occurs through both clathrin-dependent and clathrin-
independent pathways. Macropinosomes are large internalized membrane units, whereas in specialized cells,
phagosomes mediate the internalization of large objects, which are then digested in the lysosomes. The endocytic
carriers converge in the early endosomes, where the cargo proteins are sorted toward several destinations: the plasma
membrane, the recycling endosomes, the trans-Golgi network, or the late endosomes. From the late endosomes,
some cargoes move to the Golgi complex, and others are transferred to lysosomes for degradation. The autophagy
pathway is also shown, through which damaged components of cells are enveloped in specialized membranes and

degraded in lysosomes, and the unconventional pathway of secretion, through which cytosolic or membrane pro-
teins reach the plasma membrane without having to pass through the Golgi complex.

After folding, proteins enter the exit sites of the
endoplasmic reticulum, where they are sorted into
either small or large pleomorphic budding vesi-
cles that are generated through the membrane-
bending properties of coat protein complex II
(COPID® (Fig. 1). All vesicles then detach from the
endoplasmic reticulum through membrane fission
and move to the endoplasmic reticulum-Golgi in-
termediate compartment (ERGIC).® From there,
carriers containing secretory cargoes are trans-
ported forward to the Golgi complex. This step
requires another coat complex, COPL° and in-
cludes the translocation of the carriers along mi-
crotubules mediated by motor proteins.’®** From
the cis pole of the Golgi, the secretory cargoes
proceed toward the trans pole, whereas the ma-
chinery proteins that participate in the formation
of anterograde carriers must be returned to the
endoplasmic reticulum for another round of trans-
port. This recycling is the task of COPI-depen-
dent vesicles that form from both the ERGIC and
the Golgi complex.12

Once in the Golgi complex, cargo proteins must
traverse this organelle, which is composed of a
series of interconnected stacks of four to six flat
membranous cisternae and of tubular-saccular
networks located at the cis and trans poles of the
stacks. The main functions of the Golgi complex
are to transport and chemically process cargo pro-
teins and lipids, activities that mostly involve
glycosylation. The mechanism of cargo transfer
through the Golgi complex is composite and ap-
pears to involve the process of cisternal progres-
sion—maturation for large supramolecular cargoes,

as well as other mechanisms for different cargo
classes (Fig. 2).1319

After passing through the Golgi complex and
reaching the trans-Golgi network, different car-
goes are packaged in specialized membranous
carriers, within which they are shipped out to
their respective destinations, such as the lyso-
somes or the plasma membrane.2° Most proteins
that are destined for the lysosomes (lysosomal
enzymes) contain a mannose-6-phosphate tag and
are sorted by the mannose-6-phosphate receptor
into vesicles that are coated with a further pro-
tein complex, which is based on clathrin.?* Other
cargoes move to the plasma membrane (or to their
specific basolateral or apical domains in polarized
cells) within large, apparently uncoated pleomor-
phic carriers that form at the trans-Golgi net-
work.2° Also, in certain specialized cells, selected
cargo proteins are greatly condensed into secre-
tory granules that accumulate in the cytoplasm
until their secretion is triggered by specific signals.
Thus, there are several types of transport vesi-
cles, all of which are formed by the fissioning
of membrane buds from donor membranes, un-
dergo translocation by microtubule-based motors,
and dock onto and fuse with their acceptor mem-
branes (Fig. 3).2227

Once at the cell surface, most membrane pro-
teins undergo endocytosis, a fundamental process
that is involved in many functions, including con-
trol of the composition of the plasma membrane,
cell signaling, and uptake of essential nutrients.
There are several types of endocytic carriers, which
differ in the proteins they transport, in their mor-
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phologic features and dynamics, and in their un-
derlying molecular mechanisms.?® The best-char-
acterized carriers are the clathrin-coated vesicles,
the caveolin-coated vesicles, and the macropino-
somes (pleomorphic carriers that can engulf large
volumes of extracellular fluid) (Fig. 1). Phago-
somes are similar to macropinosomes, and in

N ENGLJ MED 365,10 NEJM.ORG

specialized cells (e.g., macrophages) they medi-
ate the internalization of large objects (typically
bacteria), which are then digested in the lyso-
somes.

Most endocytic carriers then converge in the
early endosomes, a vacuolar—tubular sorting sta-
tion from which cargo proteins are sorted and
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Glossary

Anterograde trafficking: Trafficking across the secretory stations from the

Phosphoinositides: A group of membrane lipids that undergo cycles of phos-

Rab proteins: A large family of small GTPases that control and coordinate

Reticulon proteins: Conserved proteins residing mainly in the endoplasmic

Retrograde trafficking: Trafficking in the direction opposite to that of antero-

Unfolded-protein response: A response in the endoplasmic reticulum to the

endoplasmic reticulum toward the plasma membrane or the lysosomes.
The main intermediate stations are the intermediate compartment, the
Golgi complex, the trans-Golgi network, and the endosomes.

phorylation and dephosphorylation through organelle-specific phospho-
inositide (PI) kinases and PI phosphatases, which leads to distinct sub-
cellular distributions of the individual Pl species. Since specific Pls control
the correct timing and location of many trafficking events, they are key
determinants of organelle identity.

a multiplicity of basic events (including motility and fusion of vesicles)
through the recruitment of effector proteins (e.g., tethering factors, kinases,
phosphatases, and motors). Individual Rabs are located in specific com-
partments, and by regulating the incoming and outgoing traffic, they par-
ticipate in the control of the identity of these compartments and in the
spatiotemporal regulation of trafficking.

reticulum and influencing trafficking between the endoplasmic reticulum
and the Golgi complex, vesicle formation, and membrane morphogenesis.
In mammals, four reticulon genes have been identified, RTN1 through RTN4.

grade trafficking. Its function is often, but not always, to recycle machinery
proteins from distal to proximal compartments of the secretory pathway.

accumulation of unfolded proteins in its lumen through the activation of
an adaptive response, which is aimed at coping with the increased load in
the endoplasmic reticulum and activates intracellular signal transduction
pathways. These induce the remodeling of the secretory apparatus and
have a major effect on signaling pathways, controlling cell survival and
apoptosis. (For additional details, see the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org.)
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delivered to several destinations. These destina-
tions include the plasma membrane again; the
recycling endosomes, another important sorting
station from which cargo proteins can either re-
turn to the plasma membrane or move into the
trans-Golgi network; and the late endosomes (the
last endocytic station), from which some cargoes
move to the Golgi complex and others are trans-
ferred to lysosomes for degradation?® (Fig. 1).
Another organelle that can fuse directly with
lysosomes is the autophagosome. Autophagy is a
process by which damaged cytosolic and organel-
lar components are enveloped in specialized mem-
branes and targeted for lysosomal degradation.3°
Thus, a conspicuous feature of the mammalian
transport apparatus is its great complexity. There
are more transport strategies, types of vesicles,
and trafficking pathways than was expected until
only a few years ago. Also, each anterograde traf-
ficking step is counterbalanced by one or more
recycling steps, and most of the various endo-
cytic stations appear to be interconnected bidi-
rectionally.3* Moreover, certain specialized cells
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host uniquely differentiated organelles (e.g., se-
cretory granules in endocrine and exocrine cells,
melanosomes in melanocytes, lytic granules in
immune cells, and dense granules in platelets), and
at least in some cells (and potentially in all) there
are unconventional secretion pathways through
which a number of soluble cytosolic proteins can
be transported directly to the extracellular space
and some transmembrane proteins can be trans-
ported to the cell surface without passing through
the Golgi complex3? (Fig. 1).

A consequence of this multiplicity is a remark-
able degree of redundancy and functional plas-
ticity of the transport systems. This redundancy
can partially compensate for certain genetic de-
fects, and it can do so more efficiently in some
cells than in others, depending on cell-specific
requirements, which results in the selective vul-
nerability of certain tissues.

Another important issue is how the overall
trafficking system maintains its homeostasis in
the face of the rapid membrane fluxes that con-
stantly change the size and composition of the
transport organelles, or compartments. Among
several possible mechanisms, one that has been
recently explored relies on signaling circuits lo-
cated on the trafficking organelles themselves that
sense the passage of traffic and rapidly react to
restore the balance across the compartments.33

MENDELIAN DISEASES OF
MEMBRANE TRAFFICKING

MECHANISTIC BASIS
During the past decade, the increasingly rapid dis-
covery of genes that are linked to human diseases
has revealed that several such genes are involved
in membrane trafficking. Efforts are now being
more specifically directed toward understanding
how disease manifestations can be mechanisti-
cally explained through our basic knowledge of
the trafficking machinery and toward exploiting
this new knowledge of the molecular basis of ge-
netic syndromes to obtain insights into the orga-
nization of the trafficking processes.

Mendelian diseases of membrane trafficking
arise from mutations in genes that encode either
cargo proteins or components of the biosynthetic
and trafficking machinery. Among these genes,
those that encode cargo proteins are more widely
represented because they are more numerous and
because many cargoes are tissue-specific and not
essential for the survival of an embryo.3* On the
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Figure 2. Transport Strategies in Membrane Trafficking.

Panel A shows vesicular trafficking, which remains central to our understanding of membrane transport. It is now clear that there are
several types of vesicular carriers, including several types of small coated vesicles and large uncoated pleomorphic vesicles; large endo-
cytic vesicles, such as macropinosomes and phagosomes; large, regulated, dense granules in specialized exocrine and endocrine cells;
and synaptic vesicles in neurons (not shown). Panel B shows compartment progression and maturation, which applies to trafficking be-
tween the early and late endosomes,** transport through the Golgi complex,**** and the maturation of phagosomes into phagolyso-
somes." According to the maturation concept, traffic compartments change composition (i.e., mature) in lockstep with their progres-
sion along the transport pathway. For instance, early endosomes mature into late endosomes by losing a certain class of Rab (i.e., Rab5)
and acquiring another class of Rab (i.e., Rab7). This process, called Rab conversion, is central to endosomal maturation. For the Golgi
complex, at each maturation step, each cisterna loses its characteristic resident enzymes to the preceding cisterna (orange circles) and
acquires enzymes from the more distal cisterna (yellow squares). The progression—-maturation process begins when cargo molecules
(black crosses) reach the cis-Golgi from the endoplasmic reticulum in carriers that coalesce to form a new cis cisterna. This new cisterna
then matures by receiving medial and then trans-Golgi proteins from the older cisterna, while exporting cis and then medial Golgi pro-
teins to the younger cisterna. Meanwhile, the cisterna progresses through the stack. In the final stage of maturation, the maturing cisterna
becomes an element in the trans-Golgi network that breaks down into anterograde and retrograde transport carriers. Panel C shows di-
rect compartment fusion, which applies to several transport steps. The transfer of cargo from late endosomes to lysosomes for degra-
dation is based on the direct fusion of these two organelles. This fusion can be transient (“kiss and run”) or complete (formation of a
hybrid organelle).*® In both cases, the cargo is transferred into the lysosomal lumen for degradation, and with complete fusion, the car-
go transfer must be followed by resegregation of the two organelles.*® A kiss-and-run process has also been described for rapid fusion of
synaptic vesicles with the synaptic membrane'” and for transient fusion between phagosomes and endosomes.*® In fusion through tu-
bular continuities, cargo transport is based on diffusion-mediated soluble-cargo flux through intercisternal continuities. Tubular continu-
ities joining successive Golgi cisternae have been shown and might allow the diffusive passage of cargo molecules between cisternae
(typically, soluble proteins) (light green circles).*® Transport directionality is achieved through the arrival of cargo at the cis-Golgi and the
departure of cargo from the trans-Golgi network. This mechanism, however, is still awaiting full functional verification.

other hand, mutations in genes that encode ubig- ably some of these mutations can, under favor-
uitous transport-machinery proteins are more like- able conditions, be partially compensated for by
ly to be lethal. Nevertheless, several of these muta- the plasticity of the transport systems. Table 1
tions have been found to be involved in mendelian provides a list of monogenic diseases that are
diseases, and more continue to be reported. Prob- caused by mutations in genes encoding compo-
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Figure 3 (facing page). The Toolbox of Transport with Elementary Processes and Machinery.

Proteins or lipids that are present in the same organelle need to be sorted, or segregated, into different carriers, for
shipping out to different destinations. Sorting is therefore usually associated with the budding of a carrier.?° Panel A
shows cargo sorting and membrane bending. There are different sorting mechanisms, including binding of a trans-
membrane cargo protein with a cytosolic coat component through specific sorting motifs in the cargo® (as in the
case of the mannose-6-phosphate receptor). Soluble cargoes can bind to a transmembrane adapter, through which
they can link to a cytosolic adapter. Sorting can also depend on cargo glycosylation (as in the case of cargoes binding
to LMANL1 [ERGIC53]) or (at least partially) on the affinity of a cargo for membrane domains of a suitable lipid com-
position.?® As for membrane bending, this can be driven by both lipids and proteins. Lipids can bend membranes in
two ways: by generating transmembrane asymmetry and through the geometry of the lipid molecules themselves.*
Proteins can bend membranes in two main ways: by inserting a hydrophobic portion into one leaflet of the mem-
brane bilayer, thereby generating membrane asymmetry, or by mechanically forcing membranes to curve. The clathrin
coat and the coat protein (COP) complexes | and |l bend membranes into a round shape 50 to 100 nm in diameter
(small round vesicles). Caveolin also generates vesicular shapes (caveolae). Other proteins can bend membranes into
tubules; the dynamins are proteins involved in membrane fission that form helical rings around forming tubules,??
and the dynamin-related family of the atlastins, like the reticulons and REEP1, acts at the endoplasmic reticulum.>> All
these proteins induce positive curvature (i.e., a convex cytosolic surface). However, bending can also occur inwardly.
For instance, vesicles can bud into the lumen of late endosomes.?? Finally, simple mechanical pulling of membranes
by cytoskeleton-based motors can result in the formation of membrane tubules.?* A budding carrier normally under-
goes fission, as shown in Panel B, before translocating to the successive compartment. If fission is delayed, elongated
carriers, and possibly tubular continuities across two compartments, are formed. Membrane fissioning can be medi-
ated through several molecular mechanisms.?* The best-characterized of these is driven by the large GTPase dyna-
min, which forms helical rings around the necks of forming vesicles and cleaves them mechanically by constricting or
stretching its own helix.?* After fission, membrane carriers move through the cytosol to reach their target compart-
ment through vesicle translocation, as shown in Panel C. Vesicles bind to microtubule-based (kinesin and dynein) or
actin-based (myosin) motors through a variety of adapters and are carried to their final destination by these motors.*®
There is a large variety of kinesins'* and myosins,?® each of which has a remarkable (although not absolute) degree of
selectivity for different vesicular carriers or pathways. Panel D shows vesicle docking and tethering, which occur when

a carrier that is approaching its acceptor compartment is first tethered to it through specialized proteins or protein
complexes. Some coiled-coil proteins, called golgins, appear to have docking functions,?® and a number of protein
complexes have docking or regulatory roles at various stages of the trafficking pathway (e.g., the TRAPP [transport
protein particle] complex has a role in trafficking between the endoplasmic reticulum and the Golgi complex, whereas
the COG [conserved oligomeric Golgi] complex operates in enzyme trafficking within the Golgi complex).?® Panel E
shows vesicle fusion, which occurs when docking is followed by the fusion of the carrier membrane with that of the
target organelle. Fusion is directly mediated by the specialized SNARE (soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor) proteins in a process that appears to bring together opposing membranes
forcefully, through the pairing and fastening of specialized SNARE domains.?’

nents of membrane-trafficking machinery (also see
the interactive table, available at NEJM.org).

CARGO PROTEINS AND MACHINERY COMPONENTS

The distinction between cargo proteins and traf-
ficking-machinery components can also be use-
ful for the analysis of the mechanisms by which
defective transport-related genes can lead to clin-
ical manifestations. When a cargo protein is mu-
tated, the pathogenetic chain of events that is set
in motion can involve either a loss of function of
the mutated cargo protein, because of truncation
or early degradation (e.g., a channel protein, cys-
tic fibrosis transmembrane conductance regula-
tor [CFTR]3®) or a gain of function because of the
accumulation of the mutated cargo protein in a
given compartment, which would usually be the
endoplasmic reticulum. This accumulation can ac-
tivate the unfolded protein response.” If the load
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of misfolded cargo exceeds the capacity of the com-
pensatory mechanisms activated through the un-
folded-protein response, the response becomes
maladaptive and triggers cell damage and death.
This happens, for instance, in various disorders
of myelinating cells, in which mutations in genes
encoding the abundant peripheral myelin protein
zero are responsible for a dominant form of Char-
cot—Marie-Tooth disease, called CMT1B, caused
by the accumulation of the protein in the endo-
plasmic reticulum, activation of the unfolded-
protein response, and toxicity in Schwann cells.?°

For mutations in the machinery proteins, a cen-
tral question is how defects in conserved ubiqui-
tous housekeeping components can give rise to
manifestations that are often specific to an or-
gan or a tissue. In a few instances, the answer is
that the defective genes are predominantly ex-
pressed as specific isoforms in the affected tis-
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sues (as is the case in muscle dystrophies linked
to defects in caveolin 3, the muscle-specific iso-
form of caveolin3?). In many other cases, however,
the reason for this selective tissue vulnerability ap-
pears to lie in the high demand for the defective
genes in the tissues that then become damaged.
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There appear to be two general explanations for
this tissue specificity. The first is the presence of
special tissue-specific cargoes, which might re-
quire high levels and full function of a particular
trafficking component to be correctly transported.
This occurs, for instance, in cells such as osteo-
cytes or chondrocytes and intestinal cells, which
secrete oversized cargoes. These cargoes include
procollagen type I or II (rigid protofibrils mea-
suring 300 nm in length) for osteocytes or chon-
drocytes and chylomicrons (particles measuring
up to 1 wm in diameter) for intestinal cells. Here,
mutations in the ubiquitous COPII component
Sec23a or in the transport protein particle (TRAPP)
complex subunit TRAPPC2 (which is involved in
trafficking between the endoplasmic reticulum
and the Golgi complex) can selectively affect os-
teocytes and chondrocytes, resulting in cranio-
lenticulo-sutural dysplasia®® and spondyloepiphy-
seal dysplasia tarda,3® respectively. Along the same
lines, mutations in the Sar1B GTPase that con-
trols the COPII cycle can affect the secretion of
chylomicrons in enterocytes and cause Anderson’s
disease (also called chylomicron retention dis-
ease).*° Presumably, the same molecular defects
can be compensated for in other cells and tissues
by redundant mechanisms that can handle regu-
lar, but not special, cargo types.

Another reason for the tissue specificity of
symptoms relates to a requirement for very ef-
ficient trafficking in tissues that require high
transport rates for their function. Here, a defect
without consequence for other cells might result
in functional collapse, as can be seen in a number
of cases: for cells that transport very large amounts
of cargo at some stage of their life cycle, such as
Schwann cells during myelination, which can se-
lectively express genetic defects of ubiquitous traf-
ficking components, such as MTMR2, MTMR13,
FIG4, and SH3TC2, resulting in the demyelinating
forms of Charcot—Marie-Tooth disease (CMT4)
(Table 1, and interactive table). Also included are
cells that require very high rates of internaliza-
tion and recycling of plasma-membrane compo-
nents, such as proximal tubular cells in the
kidney, which must reabsorb essential components
from the ultrafiltrate and which suffer from ge-
netic defects of components of the endosomal
system (as in many inherited forms of renal Fan-
coni’s syndrome, including Lowe’s syndrome), and
cells that require very efficient long-range trans-
port and communication, such as motor neurons,
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Table 1. Genes Associated with Membrane-Trafficking Diseases, According to Their Underlying Role in Functionally Related Processes.*

Location and Gene

SARI1B
SEC23A
TRAPPC2
SPG4
SPG31
ATL1

Disease

Endoplasmic reticulum

Chylomicron retention disease
Cranio-lenticulo-sutural dysplasia
Spondyloepiphyseal dysplasia tarda
Spastic paraplegia type 4

Spastic paraplegia

Spastic paraplegia

Endoplasmic reticulum-Golgi intermediate compartment and Golgi complex

MIM Number

246700
607812
313400
182601
610250
182600

Function

GTPase
Coat
Tethering
Microtubule regulator
Morphogenesis of the endoplasmic reticulum

Morphogenesis of the endoplasmic reticulum

LMAN1 Combined factor V and VIII deficiency 227300 Cargo receptor
MCFD2 Combined factor V and VIII deficiency 227300 Cargo receptor
COG1 Congenital disorder of glycosylation type Ilg 611209 Tethering
COG7 Congenital disorder of glycosylation type Ile 608779 Tethering
COG8 Congenital disorder of glycosylation type Ilh 611182 Tethering
SCYL1BP1 Gerodermia osteodysplastica 231070 GTPase activator
FGD1 Aarskog—Scott syndrome 305400 GTPase activator
TRIP11 Achondrogenesis type 1A 200600 Microtubule binding
TRAPPC2 Spondyloepiphyseal dysplasia tarda 313400 Tethering
Plasma membrane
DNM2 Charcot—Marie-Tooth disease, dominant interme- 606482; Bending or fission
diate type B; myopathy, centronuclear myopathy 160150
CAV1 Congenital generalized lipodystrophy 612526 Coat
DYSF Muscular dystrophy 253601 Fusion
CAV3 Muscular dystrophy 607801 Coat
Endosomes or lysosomes
KIF5A Spastic paraplegia type 10 604187 Motor
SPG4 Spastic paraplegia type 4 182601 Microtubule regulator or cytokinesis
SPG8 Spastic paraplegia type 8 603563 Endosome morphogen
SPG6 Spastic paraplegia type 6 608145 Bone morphogenetic protein signaling
SPG11 Spastic paraplegia type 11 610844 Bone morphogenetic protein signaling
SPG15 Spastic paraplegia type 15 612012 Cytokinesis
SPG20 Spastic paraplegia type 20 (Troyer’s syndrome) 275900 Signaling by bone morphogenetic protein re-
ceptor and epidermal growth factor receptor
SPG21 Spastic paraplegia type 21 (Mast’s syndrome) 248900 Unknown
BIN1 Centronuclear myopathy 255200 Tubulating protein
MTMR14 Centronuclear myopathy 160150 Phosphoinositide phosphatase
MTM1 X-linked myotubular myopathy 310400 Phosphoinositide phosphatase
AP3B1 Hermansky—Pudlak syndrome type 2 608233 Coat adapter
BLOC1S3 Hermansky—Pudlak syndrome type 8 203300 Lysosome biogenesis
DTNBP1 Hermansky—Pudlak syndrome type 7 203300 Lysosome biogenesis
MYOS5A Griscelli’s syndrome type 1 214450 Motor
934 N ENGLJ MED 365,10 NEJM.ORG SEPTEMBER 8, 2011
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Table 1. (Continued.)

Location and Gene Disease MIM Number Function
RAB27A Griscelli's syndrome type 2 607624 GTPase
LYST Chediak-Higashi syndrome 214500 Unknown
CHMP2B Frontotemporal dementia 600795 Component of endosomal sorting complex
required for transport
OCRL Lowe’s syndrome; Dent 2 disease 309000; Phosphoinositide phosphatase
300555
CICN5 Dent 1 disease 30009 Chloride channel
FGD4 Charcot-Marie-Tooth disease type 4H 609311 GTPase activator
FIG4 Charcot—-Marie-Tooth disease type 4J; amyotrophic 611228,; Phosphoinositide phosphatase
lateral sclerosis type 11 612577
MTMR13 or SBF2 Charcot—Marie-Tooth disease type 4B2 604563 Phosphoinositide phosphatase
MTMR2 Charcot—-Marie-Tooth disease type 4B1 601382 Phosphoinositide phosphatase
RAB7A Charcot-Marie-Tooth neuropathy type 2 600882 GTPase
SH3TC2 Charcot—-Marie-Tooth disease type 4C 601596 Unknown
Synaptic vesicles and secretory granules
KIF1B Charcot—Marie-Tooth disease type 2A1 118210 Motor
STXBP1 Early infantile epileptic encephalopathy type 4 612164 Fusion
SYN1 Epilepsy 300491 Tethering or release of synaptic vesicles
SYN2 Susceptibility to schizophrenia 181500 Tethering or release of synaptic vesicles

* An interactive table is available at NEJM.org. MIM denotes Mendelian Inheritance in Man database.

which are particularly sensitive to defects in pro-
teins involved in different steps of membrane traf-
ficking (as is the case in hereditary spastic para-
plegias).

LESSONS ON THE ROLE OF TRANSPORT PROTEINS

Our understanding of mendelian diseases can ben-
efit from knowledge of the transport machinery.
However, the reverse is also true: important les-
sons on the physiological functions of transport
proteins can be derived from the study of disease
genes. Classic examples are the combined defi-
ciency of coagulation factors V and VIII and mu-
colipidosis II (also called inclusion-cell disease).
Here, studies of the factors V and VIII combined
deficiency helped to reveal the physiological role
in transport of the protein ERGIC53 (also called
lectin mannose-binding 1). After it was discov-
ered that a mutation in this protein is the cause
of factors V and VIII deficiency, a series of stud-
ies revealed that ERGIC53 functions as a chaper-
one in protein transport from the endoplasmic
reticulum to the Golgi complex for a specific sub-
group of secreted proteins that includes these two
coagulation factors.#* As for mucolipidosis II,

Hickman and Neufeld observed in 1972 that ly-
sosomal enzymes from patients with inclusion-
cell disease “failed to reach their lysosomal des-
tination.”#? Subsequent studies indicated that this
disorder is caused by a defect in the Golgi enzyme
that phosphorylates a specific mannose on lyso-
somal hydrolases. These observations helped in
gaining an understanding of the key role of the
mannose-6-phosphate receptor in the transport
of these hydrolases from the Golgi complex to
the lysosomes.*

Other, more recent examples of this type of
molecular lesson involve entire groups of mende-
lian disorders that share overlapping clinical phe-
notypes, even though they arise from mutations
in different genes. These syndromes have high-
lighted the existence of complex molecular net-
works or pathways that include distinct but func-
tionally converging genes. A paradigmatic example
has come from a genetically heterogeneous group
of inherited neurologic disorders that are char-
acterized by progressive spasticity and weakness
of the lower limbs. These disorders, which are
caused by corticospinal motor neuron axonopathy,
are the hereditary spastic paraplegias.** They have
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autosomal dominant, recessive, and X-linked in-
heritance. To date, 20 genes have been identified,
half of which are involved in membrane trafficking
along the exocytic and endocytic pathways (Table 1,
and Fig. 1 in the Supplementary Appendix). The
remainder are involved in mitochondrial functions,
myelination, lipid metabolism, and DNA repair.?2

More than 50% of patients with hereditary
spastic paraplegia carry mutations in one of three
genes: spastin (SPG4), receptor-expression-enhanc-
ing protein 1 (SPG31 or REEPI), or atlastin-1 (SPG3A).
Spastin encodes an ATPase with a microtubule-
severing activity that has different splice variants
with different subcellular localizations, including
the endosomes and the endoplasmic reticulum.
Notably, spastin interacts with the other heredi-
tary spastic paraplegia protein, REEP1. REEP pro-
teins, and the structurally related reticulon pro-
teins, have a major morphogenetic role at the
endoplasmic reticulum*> because of a conserved
domain of approximately 200 amino acids with
two hydrophobic segments that form a hairpin
in the membrane and have membrane-bending
properties. Through this domain and its ability
to oligomerize, the REEP and reticulon proteins
can shape membranes of the endoplasmic retic-
ulum into tubules.#> Intriguingly, spastin also in-
teracts with the third major hereditary spastic
paraplegia protein, atlastin. These collective ob-
servations led to the hypothesis that atlastin it-
self might have a role in the morphogenesis of
the endoplasmic reticulum. This disease-inspired
hypothesis turned out to be correct and revealed
that atlastin is involved in the generation of the
tubular endoplasmic-reticulum network, since it
mediates homotypic fusion of tubules in the endo-
plasmic reticulum*>#¢ (Fig. 1 in the Supplemen-
tary Appendix). Finally, in a further tightening of
the relationships among atlastin-1, spastin, and
REEP1, these three proteins have recently been
reported to interact with one another.4”

This emerging scenario supports a convergent
mechanism of disease in the many forms of he-
reditary spastic paraplegia that involve a defect in
the formation of the endoplasmic reticulum tubu-
lar network. This might be particularly detrimen-
tal for long spinal neurons, since the endoplasmic
reticulum is a conduit for many important small
molecules with signaling or structural roles (e.g.,
calcium and lipids). Thus, the pervasiveness and
continuity of the endoplasmic-reticulum network
might well be essential in these extremely elon-

gated cells, whereas such a network may be at least
partially dispensable in smaller cells.

As in such examples, other cases can be iden-
tified in which information that is gathered from
genetic diseases might reasonably lead to the dis-
covery of converging molecular pathways in the
near future.*® One such case is inherited renal
Fanconi’s syndrome, a common clinical manifes-
tation of a heterogeneous group of genetic dis-
orders that are characterized by dysfunction of
renal proximal tubular cells. These cells reabsorb
more than 90% of nutrients, vitamins, and low-
molecular-weight proteins present in the ultra-
filtrate. This reabsorption of nutrients and pro-
teins relies on efficient endocytic recycling of the
multiligand receptor megalin, which captures its
ligands in the ultrafiltrate, internalizes them
through clathrin-dependent endocytosis, delivers
them to the endolysosomes, and then recycles
back to the apical surface of the cell for another
round of transport.#® The endocytic system of
these cells is subjected to a very heavy burden, and
a drop in its efficiency can cause low-molecular-
weight proteinuria, one of the hallmarks of renal
Fanconi’s syndrome. Such a decline in efficiency
might arise from defects in this endocytic recep-
tor, megalin; in its associated receptor, cubilin;
or in the machinery associated with their endo-
cytosis and recycling.*® For instance, impaired
trafficking of megalin has been suggested to oc-
cur in Dent’s disease, a proximal renal tubulopa-
thy characterized by low-molecular-weight pro-
teinuria, nephrocalcinosis, and hypercalciuria.
This disease is caused by mutations in CLCNS,
which encodes the renal chloride—proton anti-
porter,>® which in turn controls the acidification
and recycling activity of endosomal compartments.
Moreover, it has been shown that some forms of
Dent’s disease (Dent 2) appear to also derive from
mutations in OCRL1, which encodes an endosome-
associated phosphatidylinositol 4,5-bisphosphate
5-phosphatase. OCRL1 was originally discovered as
the causative gene in Lowe’s syndrome, a more
serious disease that is characterized by proximal
renal tubular dysfunction and by congenital cata-
racts and mental retardation.

The reasons that such different clinical out-
comes (Dent 2 and Lowe’s syndrome) can stem
from mutations in OCRL1 remain to be defined,
with two likely hypotheses being that compensa-
tory genes (e.g., INPP5B, encoding inositol poly-
phosphate 5-phosphatase) or alternative initiation
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codons in OCRL downstream of nonsense muta-
tions might be activated in a tissue-specific way
in patients with Dent 2.5 However, the overlap
of the renal phenotypes caused by OCRL and CLCN5
mutations allows the prediction that these two
genes participate in a common molecular path-
way that controls endosomal trafficking of the
multiligand receptor megalin.*®

SUMMARY

It is reasonable to hope that our basic knowledge
of membrane trafficking will continue to provide
insights into the pathogenesis of mendelian dis-
eases and that studies of these diseases will con-
tinue to enhance our understanding of the mem-
brane-trafficking system. In particular, it will be of
great interest in this context to learn how to place
the genes that are involved in trafficking-related
diseases into coherent pathogenetic pathways.
Regrettably, the wealth of new insights into the
molecular defects in membrane-trafficking dis-
orders has not yet led to a proportionate availabil-

ity of effective therapies. However, in the past few
years, the potential of mendelian diseases to drive
the process of drug development has been recog-
nized.5»53 An example in the field of membrane
transport is cystic fibrosis. Effective modulators of
the folding, trafficking, and activity of CFTR (the
chloride channel that is mutated in cystic fibro-
sis3%) have been found through high-throughput
screening that was aimed at identifying pharma-
cologic treatments for this disease. Some of these
modulators (e.g., VX-809) are now being tested in
clinical trials.5* In addition, interest in the path-
ways affected in mendelian disorders is being
raised further by the recognition that efforts to
develop drugs for their treatment might also prove
useful in common diseases in which the same
pathways might have a pathogenetic role, such as
type 2 diabetes and Alzheimer’s disease.>>53

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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